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We report on the magnetic properties of elongated submicron magnetic islands and their influence on a
superconducting film. The magnetic properties were studied by magnetization hysteresis loop measurements
and scanning-force microscopy. In the as-grown state, the islands have a magnetic structure consisting of two
antiparallel domains. This stable domain configuration has been directly visualized as a 232-checkerboard
pattern by magnetic-force microscopy. In the remanent state, after magnetic saturation along the easy axis, all
islands have a single-domain structure with the magnetic moment oriented along the magnetizing field direc-
tion. Periodic lattices of these Co islands act as efficient artificial pinning arrays for the flux lines in a
superconducting Pb film deposited on top of the Co islands. The influence of the magnetic state of the dots on
their pinning efficiency is investigated in these films, before and after the Co dots are magnetized.
@S0163-1829~99!13221-1#I. INTRODUCTION
Recent advances in magnetic device and storage technol-
ogy have strongly stimulated the research efforts focused on
nanostructured magnetic films.1–14 An important aspect of
this research is related to the development of nonvolatile
magnetic memories, based on submicron magnetic dots.10,15
Such single-bit-per-particle memories consist of large arrays
of noninteracting magnetic particles,3,14 which are ideally in
a single-domain state with two possible stable configurations
to be associated with the logical ‘‘1’’ and ‘‘0.’’ To impose
these two stable states, one can make use of the shape an-
isotropy, since the precise shape and dimensions of the is-
lands are determining factors for their magnetic
properties.2,6,10–13,16 Particularly submicron elongated or el-
lipsoidal magnetic islands have a clearly defined direction
along which the magnetization M can be oriented.8,10,13,16
Huge two-dimensional ~2D! arrays of magnetic dots are also
used in other research fields, e.g., to create a periodic spatial
modulation of the magnetic field in a 2D electron gas to
study Weiss oscillations of the magnetoresistance,17–22 or as
an artificial pinning array in combination with a supercon-
ducting film to investigate the pinning of flux lines.23–25
Many interesting phenomena have been observed in super-
conducting films and multilayers with a periodic lattice of
artificial pinning centers, such as well-controlled defects26 or
submicron holes ~antidots!.27–30 The interplay between the
regular pinning array and the periodic vortex lattice gives
rise to pronounced commensurability effects in the critical
current density j c as function of the perpendicular applied
magnetic field H. Recently, Martin et al. have successfully
used a lattice of ferromagnetic dots ~Fe or Ni! to create a
periodic array of artificial pinning centers in a superconduct-
ing Nb film.23 Clear matching effects are observed in the
j c(H) behavior of these systems.
In this paper, we report on the study of submicron rectan-
gular Au/Co/Au islands with in-plane magnetization. Large
triangular and square lattices, covering an area of approxi-
mately 6 mm2 and containing ;106 noninteracting islands,
are prepared by liftoff lithographic techniques. The structureis characterized by atomic-force microscopy ~AFM!, the
magnetic properties are studied by superconducting quantum
interference device ~SQUID! magnetization measurements.
In order to obtain local microscopic information on the do-
main structure of the individual islands, magnetic-force mi-
croscopy ~MFM! measurements have been performed. We
will also demonstrate how these periodic lattices of magnetic
dots act as artificial pinning arrays for the flux lines in a
superconducting film. A periodic pinning potential is created
in a superconducting Pb film that is grown on top of the
magnetic island lattices. The pinning properties and match-
ing effects are studied by means of SQUID magnetization
measurements and the influence of the stray field of the mag-
netic dots on their pinning properties is demonstrated.
II. EXPERIMENT
The island lattices are prepared using electron-beam li-
thography and liftoff techniques. A Au~75 Å!/Co~200 Å!/
Au~75 Å! trilayer is deposited on a SiO2 substrate covered by
a double resist layer in which a triangular or a square lattice
of submicron rectangular holes was defined by electron-
beam lithography. The double resist layer results in an over-
hang resist profile avoiding a connection of the deposited
material inside the holes with material remaining on top of
the resist. The layers are grown at room temperature in a
molecular-beam epitaxy system at a working pressure of 2
310210 Torr. The Au layers are evaporated from a Knudsen
cell at a rate of 0.45 Å/s, whereas for the Co layer electron-
beam evaporation was applied at a rate of 0.25 Å/s. The
evaporation rates are controlled using a quadrupole mass
spectrometer. After the deposition of the layers, the remain-
ing resist was removed in hot acetone, leaving a lattice of
Au/Co/Au islands on the substrate. The Au buffer and top
layers are necessary to obtain islands with clean edges after
liftoff. Grown in the above-mentioned conditions, the
samples have a polycrystalline structure, as was confirmed
by x-ray-diffraction experiments.
The AFM and MFM experiments are performed using a
Digital Instruments Nanoscope III system. The magnetic tip
5in the MFM has a magnetic moment oriented perpendicular
to the scanning plane, sensitive to the perpendicular compo-
nent of the magnetic stray field extruding from the sample
surface.31–33 The MFM experiments are performed in the ac
mode using the phase detection technique.33 The topographi-
cal features are separated from the magnetic signal by scan-
ning each scan line twice in a two-step lift mode.
III. MAGNETIC PROPERTIES
The shape and size of the islands are examined by AFM
measurements. Figure 1 shows an AFM topograph of a (5
35) mm2 area of a triangular lattice with a period of 1.5 mm.
The islands have a smooth upper surface; their shape is rect-
angular with rounded corners. The lateral dimensions of the
islands are determined from a section analysis of the AFM
topographs and are Ls5(36006100) Å and Ll5(5400
6100) Å, resulting in an aspect ratio of 3:2. More detailed
AFM measurements have shown that the shape and size of
the islands are homogeneous over the full lattice.
Magnetic hysteresis loops of the island lattice are mea-
sured in a Quantum Design SQUID magnetometer in order
to obtain information on the macroscopic magnetic behavior
of the whole island lattice. For the lattice structure, as well as
for a nonpatterned reference Au~75 Å!/Co~200 Å!/Au~75 Å!
film grown in exactly the same conditions, the easy magne-
tization axis lies in the substrate plane. From hysteresis loop
measurements of the reference film with the magnetic field
applied in the film plane we have determined the saturation
field Hs5600 Oe and the coercive field Hc5160 Oe. The
hysteresis loops of the square and triangular island lattices
show an additional in-plane anisotropy due to the lateral pat-
terning. The results for the square lattice, measured at 5 K
with the field oriented in the substrate plane both along the
long (Ll) and the short (Ls) direction of the islands, are
shown in Figs. 2~a! and 2~b! respectively. The linear diamag-
netic background signal from the substrate has been sub-
tracted. The slope of this background was determined by
measuring the magnetization in a field region well above the
saturation field for the island lattice. In case the field is ori-
ented along the long direction of the islands, HiLl @Fig.
2~a!#, we find that Hs5750 Oe and Hc5300 Oe. When the
field is applied along the short side of the islands, HiLs @Fig.
2~b!#, we observe that Hs51250 Oe and Hc5130 Oe. This
indicates that the easy axis for magnetization is along the
FIG. 1. AFM image of a (535) mm2 area of a triangular lattice
of elongated Au~75 Å!/Co~200 Å!/Au~75 Å! islands with lattice
period 1.5 mm.long direction of the islands, as can be expected from the
shape anisotropy. The same results are also obtained for the
triangular lattice of Au/Co/Au islands. The coercivity of the
islands along the easy axis is increased as compared to the
reference film, and is expected to increase further with in-
creasing aspect ratio.2,9 Similar magnetization measurements
at 250 K, i.e., close to room temperature where the MFM
measurements are performed, show the same results. This is
not surprising since this temperature range is well below the
Curie temperature of Co ~1388 K!.
The local magnetic domain structure of the individual is-
lands was examined by means of MFM at room temperature
and in zero field. The typical results of the MFM measure-
ments are shown in Figs. 3~a! and 3~d! displaying six islands
in a (2.734) mm2 area of a square island lattice. The mag-
netic contrast originates from the component of the
magnetic-force gradient perpendicular to the substrate plane.
The white and black regions can thus be interpreted as the
north and south poles of in-plane oriented magnetic domains,
respectively, where perpendicular components arise due to
the closing of the magnetic-field lines.33
Figure 3~a! shows a MFM image of the as-grown sample,
i.e., before the application of an external field. Each of the
six displayed islands shows two bright and two dark spots
arranged in a 232-checkerboard configuration. This image
remained stable while scanning it several times and in dif-
ferent scan directions. From larger scale MFM images, it is
clear that the majority of the islands show this peculiar mag-
netic state. The two possible arrangements ~the first one with
the bright spots above-left and below-right, the second one
corresponding to its mirror image! occur in an approximately
1 to 1 proportion without any long-range ordering. This in-
dicates that there is no interaction between neighboring is-
FIG. 2. Macroscopic hysteresis loops M /M s(H) with M s the
saturation magnetization, measured at T55 K, of a square lattice of
elongated Au~75 Å!/Co~200 Å!/Au~75 Å! islands. The field is ori-
ented in the substrate plane ~a! parallel to the long side of the
elongated islands (HiLl), and ~b! along the short side of the islands
(HiLs). The field orientation with respect to the islands is sche-
matically presented in the inset.
lands and, hence, that they behave independently. The mag-
netic image before magnetization of the islands can be
interpreted as due to the fact that each island consists of two
antiparallel magnetic domains.34 Since the islands are too
large to be spontaneously in a single magnetic domain
state,8,9 they will form two or more smaller magnetic do-
mains, in a way that is strongly affected by their specific
structural and morphological properties. Splitting into two
antiparallel domains results in a zero total magnetic moment
and thus substantially reduces the energy related to the exis-
tence of large stray fields. Creating domain walls also re-
quires energy, and therefore we expect that the islands will
find the state with the smallest possible area of the domain
wall. This corresponds to a configuration of magnetic do-
mains where the magnetic moments of the two domains are
aligned along the short direction of the islands, MiLs @see
Fig. 3~b!#. However, since the domain state with two anti-
parallel domains directed along the long island axis Ll @see
Fig. 3~c!# would create qualitatively the same pattern in the
MFM measurements, no decisive answer can be given con-
cerning the orientation of the domains in the as-grown is-
lands.
Figure 3~d! shows the MFM image of a similar region of
the same sample in the remanent state, after being magne-
tized outside the microscope in an external field of 10 kOe
along the easy axis Ll . The image of every island consists of
a bright spot and a dark spot, which is typical for a single
magnetic domain particle with in-plane magnetization
MiLl . This indicates that after being magnetized along the
easy direction, the islands in the remanent state (H50) re-
main in a state similar to the saturated one, where all mag-
FIG. 3. ~a! and ~d! MFM images recorded at room temperature
in zero field of a (2.734.0) mm2 area of the island lattice, contain-
ing six magnetic islands. ~a! shows the magnetic response of the
islands before applying a magnetic field. The magnetic image of a
similar area of the sample in the remanent state, after magnetic
saturation in a magnetic field of 10 kOe pointing upwards, is given
in ~d!. The suggested remanent magnetic domain configurations of
the islands before and after magnetization are schematically pre-
sented in ~b! and ~c!, and in ~e!, respectively.netic islands are lined up by the applied field. The magnetic
domain state of the islands after magnetization is schemati-
cally presented in Fig. 3~e!. Larger area MFM scans of the
remanent state show that this is the case for more than 85%
of the islands. Similar observations have been reported for
elongated submicron islands of different materials and with
different geometrical properties.3,8,9 Note that the term
‘‘single domain’’ may only be considered here within the
resolution of the MFM, which is of the order of a few hun-
dred Å. Possible disturbances in the alignment of the mag-
netic moments near the island edges and minor domains may
be screened out by the overall magnetization of the island,
and may therefore not be detectable by the MFM tip. Com-
parison of the SQUID magnetization measurements @Fig.
2~a!# with the MFM results indeed shows that the magnetic
state in the remanence after magnetization can not be exactly
the same as in saturation. This becomes clear by considering
that a changed magnetization in less than 15% of the islands
can not account for a 50% decrease of the magnetic moment
of the remanent state with respect to the saturation magneti-
zation @see Fig. 2~a!#.
Based on these observations, we can identify three stable
magnetic states for the studied elongated Au/Co/Au islands:
~i! The state with two antiparallel magnetic domains in the
as-grown islands, ~ii! the remanent single-domain state with
a positive magnetic moment, obtained after magnetic satura-
tion in a positive field, and ~iii! the remanent single-domain
state with a negative total moment after magnetic saturation
in a negative field.
IV. Au/Co/Au-ISLAND LATTICE AS ARTIFICIAL
PINNING ARRAY
It has been shown recently that a lattice of submicron
ferromagnetic Fe or Ni dots creates a strong periodic pinning
potential for the flux lines in a superconducting Nb film that
is grown on top of it.23 In the following experiment, we will
study to what extent a periodic lattice of the above discussed
magnetic Au/Co/Au dots can inhibit the vortex motion and
increase the critical current density j c in a continuous super-
conducting Pb film. For that purpose, a 500 Å Pb film is
deposited on top of a triangular island lattice by means of
electron-beam evaporation at 77 K, using an evaporation rate
of 9 Å/s. The sample is finally covered with a 200 Å protect-
ing Ge layer.
SQUID magnetization measurements are performed on a
Pb film with a triangular lattice of Au/Co/Au dots, before
and after magnetizing the dots. It can be shown that the
width of the magnetization loops, DM (H), is proportional to
the superconducting critical current density jc(H).35 The
magnetized dots exhibit a single-domain structure @Fig. 3~d!#,
which is associated with substantially larger stray fields com-
pared to the multidomain state before magnetizing @Fig.
3~a!#. These stray fields have a destructive effect on super-
conductivity and create a periodic array of areas with weak-
ened superconducting properties or even normal-state areas,
if the stray field is comparable to the upper critical field of
the superconducting film. The possibility to change the mag-
netic state of the islands enables us to study the influence of
the magnetic stray field of the islands on the pinning effects.
Figure 4 shows the upper branch of the magnetization
loops, measured at T/Tc50.97 (Tc'7.2 K is the supercon-
ducting critical temperature! for a 500 Å Pb film on top of a
triangular lattice of Au/Co/Au islands ~before and after mag-
netizing the islands! and for a reference 500 Å Pb film. The
magnetization is shown as function of H/H1 , where H1
52/)@f0 /(1.5 mm)2#510.6 Oe ~with f0 the flux quan-
tum!, represents the first matching field for which the density
of flux lines equals the density of dots. This implies that a
one-to-one matching of the triangular vortex lattice onto the
pinning array can be established at the first matching field
H1 . The presence of the lattice of Au/Co/Au dots results in a
very strong enhancement of the width of the magnetization
loop DM; j c , compared to the reference Pb ~500 Å! film
without dots ~line!. Moreover, pronounced anomalies are ob-
served for T close to Tc at certain multiples of H1 , e.g., a
sudden drop of M (H) at H/H151 and a maximum at
H/H154 and, after the dots are magnetized, also at H/H1
52 and 3. These matching effects indicate that the lattice of
Au/Co/Au dots creates a strong periodic pinning potential for
the flux lines in the Pb film that is deposited on top of it,
similar to thin films or multilayers with an antidot
lattice.27–29
All observed matching anomalies are associated with the
formation of specific stable vortex configurations in the im-
posed triangular pinning potential. In order to identify them,
it is important to note that only one flux quantum can be
pinned at each dot. This can be deduced from the shape of
the M (H) loops, where the sudden decrease of DM at H1
~Fig. 4! indicates a strong increase of the vortex mobility at
H.H1 .27,36,37 This can be explained by the existence of in-
terstitial vortices for H.H1 , which are at positions between
the dots, not pinned at the dots, and are therefore character-
ized by a higher mobility. Direct information on the vortex
mobility can be obtained by measuring the magnetization
relaxation rate. Figure 5 shows the normalized relaxation rate
@d(ln M)/d(ln t) with t the time# versus H/H1 measured in the
remanent magnetization regime at T/Tc50.97, before and
after magnetizing the islands. In both cases, a sudden in-
FIG. 4. Upper half of the magnetization loop M vs H/H1 at
T/Tc50.97, for a 500 Å Pb film on a triangular lattice of Au/Co/Au
dots ~period 1.5 mm! before ~filled symbols! and after ~open sym-
bols! magnetizing the dots, and for a reference Pb ~500 Å! film
~line!. For clarity, the curve for the magnetized dots is slightly
shifted upwards.crease of the mobility at H5H1 can be associated with the
appearance of interstitial vortices and confirms that not more
than one single flux quantum can be trapped at each
island.27,36,37 In Fig. 6, we propose the geometry of the vor-
tex lattices that are stabilized at those multiples of H1 for
which a matching anomaly is observed. At H1 , the vortex
lattice identically matches the triangular pinning array. For
H.H1 , interstitial vortices are ‘‘caged’’ between the
strongly pinned vortices at the pinning sites. At H/H153
and 4, a commensurate triangular vortex lattice with a
smaller unit cell matches the triangular pinning potential, and
is rotated over 30° in the case H/H153. At H/H152, a
honeycomb vortex configuration is suggested, consisting of
two identical interpenetrating triangular vortex lattices, both
with the same period as the island lattice ~1.5 mm!. The
suggested configurations at H/H151, 3, and 4 have also
FIG. 5. Normalized relaxation rate d lnM (emu)/d lnt(s) as
function of H/H1 at T/Tc50.97 for a 500 Å Pb film on a triangular
lattice ~period 1.5 mm! of nonmagnetized ~filled symbols! and mag-
netized ~open symbols! Au/Co/Au dots. The solid line is a guide to
the eye.
FIG. 6. Schematic presentation of the stable vortex configura-
tions at integer matching fields for a triangular lattice of pinning
centers with period d. Black dots and open circles represent pinning
centers and vortices, respectively. Dashed lines indicate the symme-
try of the stabilized vortex lattice.
been found by Reichhardt et al. in molecular-dynamics
simulations of the vortex lattice in a triangular array of small
pinning centers.38 The ordered vortex configuration at
H/H152 is however only found in these simulations pro-
vided that the pinning at the pinning centers is sufficiently
strong.
In contrast to the results of Martin et al.,23 who found no
influence of the magnetic state of the dots on their pinning
properties, our experiments indicate that the stray field of the
dots plays an important role. A clear influence of the stray
field of the Au/Co/Au islands on the pinning properties can
be noticed when comparing the magnetization curves in Fig.
4 for the magnetized ~open symbols! and the nonmagnetized
islands ~filled symbols!. It can be seen that after magnetizing
the islands ~i! DM (; j c) is further increased and ~ii! addi-
tional matching anomalies appear at H/H152 and 3, and the
anomaly at H/H154 is sharper.
In Fig. 7, the differential signal 2dM /dH is plotted as
function of H/H1 , where the filled and the open symbols
FIG. 7. Derivative 2dM /dH vs H/H1 at T/Tc50.97 for a 500
Å Pb film on a triangular lattice of Au/Co/Au dots ~period 1.5 mm!
and for a reference 500 Å Pb film ~line!. The curves for the non-
magnetized and magnetized dots are represented by filled and open
symbols, respectively, and are vertically displaced for clarity.represent the nonmagnetized and the magnetized islands, re-
spectively. After magnetizing the dots, the appearance of ad-
ditional peaks at H/H152 and 3 and a more pronounced
anomaly at H/H154 can be clearly observed. The behavior
at the second matching field is most prominent and demon-
strates that pinning is stronger after the islands are magne-
tized. Indeed, molecular-dynamics simulations have shown
that for a triangular lattice of pinning centers which can only
trap one flux quantum, an anomaly at H/H152 is only ex-
pected for sufficiently strong pinning centers.38 Combining
this result with our observation that a peak at H/H152 is
only observed after magnetizing the islands, leads to the con-
clusion that the stronger stray field of the dots enhances the
pinning efficiency, and favors the formation of composite
flux lattices.
V. CONCLUSION
In conclusion, we have observed a spontaneous appear-
ance of a magnetic configuration with two antiparallel mag-
netic domains in elongated magnetic islands. In the remanent
state after magnetization, the islands remain in a single-
domain state with their magnetic moment aligned with the
imposed magnetizing field.
Triangular lattices of these magnetic dots act as an effi-
cient artificial pinning array for the flux lines in a supercon-
ducting Pb film in a perpendicular field. Our results show
that the stray field of the magnetic islands plays an important
role in their pinning properties, and indicate that the pinning
is stronger after the islands are magnetized.
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